The iron responsive element (IRE) is a $30 nucleotide RNA hairpin that is located in the 5
Introduction
Iron homeostasis is maintained in mammalian cells through post-transcriptional regulation of genes coding for ferritin, a protein that sequesters iron from the cytoplasm of eukaryotic cells, and the transferrin receptor (TfR), a protein that delivers iron to the cytoplasm by receptor-mediated endocytosis Hentze & Kuhn, 1996) . A cis-acting component of post-transcriptional regulation of both genes is a 30-nucleotide hairpin loop RNA known as the iron responsive element (IRE; Aziz & Munro, 1987; Hentze et al., 1987) . IREs are located within the 5 H untranslated region of all ferritin mRNAs and the 3 H untranslated region of all transferrin receptor mRNAs. They are bound with high af®nity by two related IRE binding proteins now known as iron regulatory protein 1 (IRP1) and iron regulatory protein 2 (IRP2; Rouault et al., 1992; Samaniego et al., 1994; Guo et al., 1994) . IRP1 is a bifunctional cytosolic protein with its function determined by the presence or absence of a [4Fe-4S] cluster. When a eukaryotic cell is depleted of iron, the iron-free form of IRP1 binds with high af®nity to the IRE. When bound to the RNA, the protein represses the expression of ferritin by preventing the binding of translational initiation factors to the 5 H cap site of the ferritin mRNA (Gray & Hentze, 1994) . It simultaneously increases the expression of the TfR gene by protecting the TfR mRNA against degradation by cellular ribonucleases (Binder et al., 1994) .
Phylogenetic comparison and sequence analysis of naturally occurring IREs were used to de®ne a 28-nucleotide minimal consensus sequence of the RNA, which consists of two stem regions separated by a single bulged cytosine located ®ve basepairs away from a six-nucleotide loop (Barton et al., 1990; Bettany et al., 1992; Jaffrey et al., 1993; Theil, 1994) . All known IREs contain a highly conserved six-base loop of the sequence 5 H -CAGUGX-3 H , where X at position 6 can be either an A, C or U but never a G. The stem regions of the IRE must form stable double helices but there is generally no sequence requirement for high-af®nity binding by IRP1. The lower stem varies in the number of complementary base-pairs whereas there is a strict requirement for ®ve base-pairs in the upper stem for RNA function (Kikinis et al., 1995; Jaffrey et al., 1993) . Chemical protection experiments and mutational analysis of the consensus sequence indicate that the fold of the IRE conforms to its predicted secondary structure (Bettany et al., 1992; Harrell et al., 1991; Wang et al., 1991 Wang et al., , 1990 .
Competition studies of the consensus IRE with RNAs containing single mutations in the loop or bulged residues demonstrated that deviations from the consensus sequence result in a decrease in the binding af®nity of the RNA for the protein (Jaffrey et al., 1993) . However, these studies did not rigorously de®ne the structural and functional roles of each of the seven conserved residues. In vitro selection experiments were used to identify alternate RNA ligands for the iron regulatory protein.
Initially, Henderson et al. (1996) discovered another IRE sequence that binds with high af®nity to IRP1 but not IRP2; this IRP1-speci®c ligand contained the loop sequence 5 H -UAGUAX-3 H where X was a U or C, but not a G or an A. In this sequence the C at position 1 is changed to a U and the only other change in the sequence is a G to A mutation at position 5. This co-variation led to the hypothesis that residues C 1 and G 5 in the loop form a basepair in the wild-type sequence which could be an important structural feature of functional IREs (Henderson et al., 1994) . By selecting for ligands against two different IRPs, Butt et al. (1996) noted that the RNA hairpins selected in a competitive binding study by IRP1 and IRP2 always contained a C at the bulge position, a G at position 3 of the loop and almost always contained an A at position 2 of the loop. Many of the selected sequences also had changes at position 4 of the loop, where the conserved U was either an A or a G, implying that sequence variation at this position did not signi®-cantly interfere with high-af®nity binding. One of the goals of the present study is to complement the mutagenesis and biochemical studies with direct information on the conformation of the IRE RNA.
During the past decade, NMR spectroscopy has developed into an important tool for studying the three-dimensional structure of RNA in solution (for reviews see Varani & Tinoco, 1991; Pardi, 1995) . NMR also represents an important probe of the dynamics of molecules in solution; for example NMR can be used to differentiate those parts of a molecule that are motionally disordered in solution from those that adopt a precise conformation. Here, we have applied heteronuclear multidimensional NMR techniques to study the structure and dynamics of the IRE RNA to help understand the structural basis for the consensus sequence of the RNA and how the RNA binds to the IRP1.
Results
Sequence design of the IREs used in the structural study
The sequence and secondary structure of the IRE found in the 5 H untranslated region of the human ferritin H-chain mRNA is shown in Figure 1 (a) . Residues 5 through 25 in the wild-type IRE sequence (Figure 1(b) ) being studied here, are identical to residues 9 through 29 in the human ferritin H-chain IRE. The bottom four basepairs in the lower stem were chosen to help improve the transcriptional ef®ciency with T7 RNA polymerase. Though formation of these four base-pairs is required to conform to the IRE consensus sequence, there is no sequence-speci®c requirement for these base-pairs (Bettany et al., 1992) . Thus changes in the sequence of these base pairs have little or no effect on the binding of both IREs by human IRP1. The only difference between the wild-type and U 1 A 5 IRE RNA hairpins shown in Figure 1 is in the hairpin loop where the wildtype has a 5 H -CAGUGC-3 H loop sequence, whereas the U 1 A 5 mutant IRE contains substitutions of U for C at residue 13 and A for G at residue 17 (Figure 1(c) ). Competition assays were used to measure the binding af®nity of the IREs, depicted in Figure 1 (b) and 1(c), for human IRP1, as described (Haile et al., 1989; Jaffrey et al., 1993 
Assignments of exchangeable proton resonances
The one-dimensional (1D) proton NMR spectrum in H 2 O of the wild-type IRE RNA is shown in Figure 2 (a). The assignments were made on the basis of sequential NOE connectivities as described below. All of the imino proton resonances predicted by the secondary structure of the IRE RNA are observed in the 1D spectrum except for U 19 H3 which only appears as a broad peak at 14.5 ppm in the spectrum collected at pH 5.5 (Figure 2(b) ). Figure 3 . The imino proton assignments were made from imino proton to imino proton sequential connectivities as illustrated in Figure 3 . Sequential assignments of the lower helix were made starting with the G 5 Á U 25 wobble base-pair which has an extremely strong intra-base-pair NOE (Wu È thrich, 1986) . In the upper stem, only the imino proton to imino proton NOE cross-peak between G 21 and U 20 is observed; how- ever, sequential NOE connectivities between the C 10 Á G 21 and the U 9 ÁG 22 base pairs were observed in a ( 15 N, 1 H) CPMG-NOESY spectrum (data not shown). The G 17 imino proton showed a 1D NOE to a C amino proton at 8.25 ppm indicating that G 17 forms a Watson-Crick base-pair with C 13 . This base-pair has been observed in a previous NMR study of the upper stem and loop of the IRE (Laing & Hall, 1996) .
Assignment of the non-exchangeable proton resonances
Recently developed triple resonance experiments that correlate exchangeable and non-exchangeable base protons in nucleic acids were next used to extend assignment of the exchangeable base protons to the H6 and H8 resonances for most of the residues in the upper and lower stems of the IRE (Simorre et al., 1996a (Simorre et al., ,b, 1995 . Pyrimidine H6 proton resonances were identi®ed from the HNCCCH experiments and purine H8 resonances were identi®ed from the HNC-TOCSY-CH experiments. The AH2 resonance assignments were also used to help identify the AH8 resonances. Two of these, A 3 H2 and A 11 H2, were identi®ed by strong NOEs to the U 27 H3 and U 20 H3 protons, respectively, both of which are indicated in the H 2 O NOESY shown in the top half of Figure 3 . A 23 H2 was identi®ed from its NOE cross-peak to the U 8 H3 in the H 2 O NOESY spectrum at 1 C (data not shown (Pardi, 1995) . Aromatic to H1 H and aromatic to H2 H sequential assignments were made from the 2D and 3D NOESY spectra using previously described methods (Nikonowicz & Pardi, 1993; Wu È thrich, 1986) . The intensity of the G 15 H8-G 15 H1 H crosspeak is much stronger than all the other aromatic to H1
H cross-peaks and comparable to the H5-H6 cross-peaks of U 5 and C 26 (data not shown). In a short mixing time NOESY spectrum, the volume of this cross-peak integrates to a distance of approximately 2.5 A Ê and is twice the volume of the G 15 H8 to H2
H cross-peak, indicating the glycosidic torsion angle for G 15 is in the syn conformation.
Conformation of the sugars
The homonuclear three bond 3 J H1
H ,H2
H coupling constants in Table 1 were measured directly from a 3D HCCH-E.COSY spectrum (Schwalbe et al., 1994) . G 15 and U 16 have coupling constants greater than 10 Hz and therefore the ribose sugars of these two residues adopt primarily S-type puckers (Altona, 1982 H -endo conformation.
Structure calculations
A family of 15 re®ned, ®nal structures of the IRE-1 were generated from 50 starting structures, as described in Materials and Methods. The threedimensional structure of the RNA was calculated with 314 experimental NOE restraints, 153 torsion angle restraints and 54 base-pair constraints (see Table 2 ). No other restraints were included in the molecular dynamics calculations, and loose upper and lower bounds were applied to all NOE restraints to re¯ect the dynamic behavior of the RNA, as discussed below.
The relative orientation of the upper and lower stems is not well-de®ned because superposition of full structures led to an average pairwise RMSD of 4.0 A Ê ; however, the local pairwise RMSDs reveal that the upper and lower stems form well-de®ned structural units. The average pairwise RMSDs for either the upper or lower stem increases when the bulged C is included in the calculation (Table 2) . This indicates that the conformation of the bulged C is not well de®ned. For the loop, the average pairwise RMSD for C 13 , A 14 and G 17 is low but increases signi®cantly when G 15 , U 16 and C 18 are included in the calculation. This indicates that the conformation of loop residues C 13 , A 14 and G 17 are well de®ned, whereas G 15 , U 16 and C 18 are disordered in the structure.
Rotating spin-lattice relaxation times for C1
H sugar resonances
The rotating frame spin-lattice relaxation times, T 1 r, were measured using a series of 1 H, 13 C HSQC spectra with a 13 C spin lock (Yamazaki et al., 1994 
Discussion
Structure and dynamics of the IRE A stereoview of one of the re®ned three-dimensional structures of the wild-type IRE is shown in Figure 5 . The IRE forms a stem-loop structure that contains a single bulged C, where G 6 is base-paired to C 24 , giving the secondary structure illustrated in Figure 1 . The presence of this base-pair is consistent with recent in vitro selection studies that demonstrate that the human ferritin H-chain IRE requires that the nucleotide 5
H to the bulged C participates in a Watson-Crick base-pair (Butt et al., 1996) . An alternative representation of the secondary structure was previously proposed from computer modeling, where the bulge consists of three nucleotides having the sequence 5 H -UGC-3 H instead of a single bulged C (Bettany et al., 1992) . However, both the NMR structure and the in vitro selection results rule out this alternate secondary structure for the IRE. The NMR data show that the IRE contains both well-de®ned and conformationally disordered regions. The upper and lower stems and residues C 13 , A 14 and G 17 in the loop are well-de®ned whereas residues C 7 in the bulge, and G 15 , U 16 and C 18 in the loop are not well-de®ned in the structure.
To investigate more thoroughly the motion of the residues in the bulge and loop regions of the IRE, the T 1 r relaxation times were measured in the wild-type IRE. The T 1 r relaxation times for the C1 H resonances on residues C 7 , G 15 and U 16 are signi®-cantly longer than the T 1 r values for C1
H resonances on other residues ($60 versus $43 ms). This indicates that the conformations of the bulged C 7 residue, and loop G 15 , U 16 residues are dynamic in the IRE, whereas the other loop residues have relaxation times similar to resonances in the stem regions. The difference in T 1 r values between¯ex-ible residues and well-de®ned residues correlates well with the local RMSDs reported in Table 2 .
Structure and function of the lower and upper stems of the IRE-1
The re®ned average structures of both lower and upper stems are shown in Figures 6 and 7 and reveal that these regions of the IRE have an A-form conformation (Saenger, 1984) . For the upper and lower stems, interresidue NOEs from the H2 H proton of residue n to the H6, H8 protons of residue n 1 are stronger than the intraresidue NOEs from pyrimidine H5 proton to H6 proton, characteristic of the A-form conformation. All the bases in the stem regions have anti glycosidic torsion angles and all the sugar puckers, with the exception of terminal G 1 and G 6 , are N-type (near C3 Hendo). These upper and lower stems are locally well de®ned but do not have a ®xed orientation with respect to each other. This suggests that the junction between the two stems functions as a¯ex-ible hinge that could allow the RNA to undergo a global conformational change upon binding by the IRP. The U imino proton resonance of the U 8 Á A 23 base-pair is not observed in a 2D NOESY spectrum above 1 C; the intensity imino to imino NOE crosspeak of the U 9 Á G 22 base-pair in the upper stem is weaker than that of the U 5 Á G 25 base-pair in the lower stem. This suggests that the imino protons of the A Á U and the GÁ U base-pairs above the bulged C have faster solvent exchange rates than the other internal base-pairs in the stem regions of the RNA. This supports the notion that the junction between the two stems is¯exible.
The variation in length and lack of sequence speci®city of the lower stem suggests that bases in the lower stem do not interact directly with the protein in the complex. However, in vitro selection experiments showed that formation of the G 6 Á C 24 base-pair adjacent to the bulged C in the lower stem favors high-af®nity binding by the IRP1 and IRP2 (Butt et al., 1996) . Positioned between the bulge and the loop, the upper stem plays a more direct role in binding and regulation where a ®ve-base-pair stem is required for iron-dependent regulation (Kikinis et al., 1995) . However, there is no sequence conservation for these base-pairs. This length requirement of the upper stem combined with the lack of sequence speci®city for these basepairs suggest that it functions primarily as a``molecular ruler''. The upper stem would then provide the correct distance and spatial orientation between the bulged C 7 and G 15 in the loop. In this model we propose that the bases of both C 7 and G 15 make sequence-speci®c interactions with the IRP. Figure 6 shows that the conformation of the bulged C 7 is not well-de®ned in the three-dimensional structures of wild-type IRE RNA. Deletion of this residue from RNA results in a $400-fold decrease in the binding af®nity as compared to the wild-type RNA (Jaffrey et al., 1993) . All RNAs in Figure 6 . The relative positions of the bulged C 7 residue from the 15 low-energy structures of the wild-type IRE when superimposed on the average structure of the lower stem.
Conformation and function of the bulged C and hairpin loop

Structure of the Iron Responsive Element
the in vitro selection experiments with IRP1 and IRP2 contain a cytosine at the bulge position (Butt et al., 1996) . This strongly suggests that the bulged C interacts directly with the protein in a sequencespeci®c manner; for example, the bulged C may form a hydrogen bond with a side-chain residue in the protein.
A superposition of the loop residues from the family of ®nal converged structures overlaid with the average structure of the upper stem is displayed in Figure 7 . Three residues in the loop, C 13 , A 14 and G 17 , have well-de®ned conformations whereas these for G 15 , U 16 and C 18 are not wellde®ned. Of the three¯exible residues in the loop, only G 15 is required for high-af®nity binding of the RNA by the protein. The intensity of the G 15 H8 to G 15 H1
H NOE cross-peak is much stronger than the other intraresidue H8, H6 to H1
H NOE cross-peaks in this RNA. Although different relaxation properties of G 15 could contribute to the strong intensity of this H8 to H1
H NOE cross-peak, the intensity of this cross-peak is twice that of the G 15 H8 to G 15 H2 H NOE cross-peak. Furthermore, the sugar pucker of G 15 is S-type (near C2 H -endo). Taken together, the NMR results indicate that G 15 adopts a syn-type glycosidic angle within the range of motion of this residue. This syn conformation for G 15 might be required for sequence-speci®c recognition of the RNA by the protein.
In the solution structure, C 13 and G 17 are base paired to each other. A 14 , the other nucleotide in the loop that is well-de®ned, stacks directly above G 17 (Figure 8 ). In almost all cases, the A is required at this position for high-af®nity binding to the protein. A single point mutation of an A to a G in the IRE of the L-ferritin mRNA results in hyperferritinemia and bilateral cataract formation in humans (Beaumont et al., 1995) . The observation that the A to G mutation leads to development of a human disease clearly indicates that A 14 is important for IRE function, though phylogenetic and biochemical evidence have not clearly de®ned its structural role. Similarly a mutation of G 15 to C also results in severe cataract formation and hyperferritinemia in patients that carry this mutation (Girelli et al., 1995) . There are several indications that loop residues 1 (C 13 ) and 5 (G 17 ) do not interact directly with the protein but instead are important for the structure and stability of the loop. If C 13 or G 17 make base-speci®c contacts with the protein, it is unlikely that the U 1 A 5 mutant IRE would have been selected as a high-af®nity RNA ligand for the IRP1. UV melting studies of an IRE containing the loop sequence 5 H -CAGUAC-3 H lowers the T m of the RNA (Laing & Hall, 1996; Sierzputowska-Gracz et al., 1995) . This mutant is not bound by the IRP1 with high af®nity (Jaffrey et al., 1993) . This indicates that presence of this base-pair stabilizes the local conformation of the loop which is necessary for high-af®nity binding and iron-dependent regulation. Formation of the C 13 Á G 17 base-pair could explain why residue 18 cannot be a G. A G at position 18 would likely base-pair with C 13 and therefore disrupt the base-pair between G 17 and C 13 . This would lead to a different conformation of the loop which could then result in loss of function.
Comparison with the U 1 A 5 mutant
The loop regions of both wild-type and U 1 A 5 mutant IRE RNAs are shown in Figure 9 . Overall, the structural characteristics of the loop regions of these two IREs are nearly identical. Analogous to the wild-type sequence, the conformation of the bulged C in the U 1 A 5 mutant IRE is not well de®ned. This suggests that the conformation of the bulged C is the same in a complex of either the wild-type or U 1 A 5 mutant IRE with the IRP. For the loop region, G 15 , U 16 and C 18 are not wellde®ned and have increased dynamics from C1 H T 1 r measurements, whereas U 13 , A 14 and A 17 are wellde®ned. Identical with the wild-type sequence, G 15 in the U 1 A 5 RNA adopts a syn conformation.
In the NOESY spectrum of the U 1 A 5 mutant IRE, A 17 H2 has NOEs to A 14 H1
H and to U 19 H1 H . This is consistent with a U 13 ÁA 17 base-pair in the loop, which is analogous to the C 13 Á G 17 base pair of the wild-type IRE. However, no imino proton resonance was observed for U 13 , therefore this imino proton is exchanging rapidly with solvent. Without direct evidence for base-pairing in the loop, two separate structure calculations were performed. In the ®rst set, the base-pair between residue U 13 and residue A 17 was restrained. As expected, this basepair was formed in all the ®nal structures and these restraints did not introduce any signi®cant distance violations. In the second set of calculations no restraints were included for this base-pair, and 30% of the ®nal structures contained the base-pair whereas in the other structures the U 13 and A 17 were not well-de®ned. The T 1 r data are consistent with formation of the U 13 ÁA 17 base-pair and together these results indicate that a U 13 Á A 17 basepair occurs in the structure of the U 1 A 5 mutant IRE, as suggested by the in vitro selection experiments (Henderson et al., 1994) .
Comparison with other RNAs
The simultaneous presence of well-de®ned and exible residues in the three-dimensional structure of the IRE has also been observed in the NMR structural studies of other RNAs, including the Rev response element (Battiste et al., 1995 (Battiste et al., , 1994 Peterson et al., 1994) , the 3 H untranslated region of the U1A pre-RNA (Allain et al., 1996) , the TAR RNA (Puglisi et al., 1993) , an ATP-binding aptamer RNA (Dieckmann et al., 1996; Jiang et al., 1996) , and a theophylline-binding RNA aptamer (Zimmermann et al., 1997) . For these RNAs, the residues critical to binding often appear disordered in the free RNA and become well-ordered upon complex formation. Thus we expect that the disordered residues C 7 and G 15 in the IRE become well de®ned upon complex formation. However, we would not expect that the well-de®ned residues, C 13 , A 14 and G 17 , will undergo a major conformational change upon complex formation.
Interaction of the IRE RNA with the IRP
The 4Fe-4S cluster form of IRP1 is a cytosolic aconitase , which catalyzes the isomerization of citrate to isocitrate, but cannot bind IREs with high af®nity (Haile et al., 1989) . Restoration of RNA-binding activity and destruction of aconitase activity occurs only when the 4Fe-4S cluster dissociates from the IRP1 in irondepleted cells. The X-ray crystal structure of the pig heart mitochondrial aconitase has been solved (Robbins & Stout, 1989) and this protein has 30% sequence identity with human IRP1 (Rouault et al., 1991) . The high sequence identity between IRP and mitochondrial aconitase suggests similar structures for both proteins. Unfortunately, there is no X-ray crystal structure of the apoprotein and it is not possible to dock the IRE RNA into the structure of the aconitase with the 4Fe-4S cluster in a way that is consistent with the NMR structure observed here and the mutagenesis data on the IRP1. Nevertheless, the NMR data combined with the biochemical results provide insights into how the IRP could interact with the IRE. UV-cross-linking studies Swenson & Walden, 1994) demonstrated that the IRE hairpin interacts with residues 121 to 130 in human IRP1. In mitochondrial aconitase, four active site arginine residues are involved in substrate binding and speci®city (Zheng et al., 1992; Lauble et al., 1992) . All four active site arginine residues are found in IRP1, and site-directed mutagenesis reveals that three of these arginine residues are important in IRE binding (Butt et al., 1996; Philpott et al., 1993) . In IRP1, mutagenesis of arginine 541 or 780 to glutamine (residues 452 and 644 in pig heart mito- Structure of the Iron Responsive Element chondrial aconitase) results in a 10 3 to 10 4 -fold decrease in binding af®nity (Philpott et al., 1994) . Arginine to guanine hydrogen bonds have been observed in the three-dimensional structure of several protein-DNA complexes, including zif268 (Pavletich & Pabo, 1991) , the glucocorticoid receptor (Luisi et al., 1991) , and Escherichia coli Trp repressor (Otwinowski et al., 1988) , and it is possible that G 15 in the IRE forms a speci®c interaction with an active site arginine in the IRP. When the 4Fe-4S cluster is bound to the protein, the binding cleft, situated between domains 1 to 3 and domain 4, is in a``closed'' state, which permits arginine 541 or 780 to bind isocitrate (Lauble et al., 1992) but prevents these amino acid residues from interaction with residues in the hairpin loop of the IRE. This may be one way the presence of the 4Fe-4S cluster inhibits high af®nity binding of the RNA. It is likely that these arginine residues become accessible to the RNA when the cleft is opened up by a conformational change in the hinge linker peptide that connects domain 3 and domain 4 (Lauble et al., 1992; Basilion et al., 1994) . Recently, Schalinske et al. (1997) demonstrated an increase in the rate of proteolysis of sites near the proposed binding cleft and hinge linker regions of the protein when the 4Fe-4S cluster was removed. This indicates that the cleft cannot exist in this``open'' state without dissociation of the 4Fe-4S cluster.
The crystal structure of a complex of the coat protein from MS2 bacteriophage with its operator RNA has been determined (Valegard et al., 1994) and the RNA has a hairpin-single base bulge motif that has a qualitatively similar structure to the IRE RNA (Borer et al., 1995) . For the MS2 complex, the loop and bulged residues of the operator RNA that are essential for binding form hydrogen bond and/or stacking interactions with conserved amino acid residues (Valegard et al., 1994) . In addition, the protein makes speci®c contacts with the phosphate backbone of the RNA. We expect that similar types of interactions will be observed in the IRP1-IRE complex. We are currently testing this hypothesis by photo-cross-linking studies of the protein-RNA complex and modi®cations of the critical nucleotides in the IRE RNA hairpin.
Materials and Methods
Sample preparation
The wild-type and U 1 A 5 IRE RNAs shown in Figure 1 were synthesized by in vitro transcription on a singlestranded DNA template using phage T7 RNA polymerase. The transcription reactions were performed using standard conditions except each reaction contained a total NTP concentration of 8 mM (Milligan et al., 1987) . The 13 C/ 15 N NTPs were prepared as described (Nikonowicz et al., 1992; Batey et al., 1992) . The crude RNA from each transcription reaction was puri®ed by preparative gel electrophoresis with a 20% (w/v) denaturing gel containing 7 M urea. For each gel, the product band was visualized with UV shadowing and then excised from the gel. The RNA was recovered from the excised product band by electroelution and ethanol precipitation of the electroeluant. The RNA was further puri®ed by ion-exchange DEAE Sephacel chromatography. Fractions from the ion-exchange column containing the RNA were then dialyzed extensively against an NMR buffer solution of 10 mM sodium phosphate (pH 6.5), 10 mM NaCl, 0.2 mM EDTA. A 5 mg sample of puri®ed 13 C/ 15 N-labeled wild-type IRE was synthesized from a 50 ml transcription which yielded a 1.5 mM sample in 350 ml. A 4.5 mg sample of the puri®ed, uniformly 13 C/ 15 N-labeled, mutant U 1 A 5 IRE was obtained from a 40 ml transcription reaction yielding a 1.2 mM sample in 350 ml. Before acquisition of NMR data, the samples were heated to 85 C for two minutes and then snapcooled on ice to induce formation of the RNA hairpin.
NMR Spectroscopy
All NMR experiments were performed at 500 MHz on either Varian VXR or UnityPlus instruments equipped with pulsed-®eld gradients. All spectra were transformed with the program FELIX version 2.30 or 95.0 (Biosym/ MSI, San Diego, CA). A variety of homo-and heteronuclear magnetic resonance experiments were used to make resonance assignments and to generate structural constraints for the IRE RNAs including: 2D ( 1 H, 1 H) NOESY (Kumar et al., 1980) (Pardi, 1995) experiments. For all two-dimensional and three-dimensional heteronuclear experiments,
13
C or 15 N WALTZ or GARP broadband decoupling was applied during the acquisition period. A DIPSI-2 mixing scheme was applied during the 25 ms 13 C spin lock period in the HCCH-TOCSY experiments. In the NOESY and HSQC spectra acquired in 90% H 2 O/ 10% 2 H 2 O, water suppression was performed with either 11 echo (Sklena Âr & Bax, 1987) or¯ip-back WATERGATE pulses (Piotto et al., 1992) .
Structure determination
For each RNA molecule, interproton distance restraints were obtained from three 3D ( 1 H, 13 C, 1 H) NOESY-HSQC spectra at mixing times of 75, 180 and 300 ms. NOE cross-peak intensities were classi®ed as strong if their intensities were greater than or equal to those of the pyrimidine H5 to H6 cross-peaks in the 75 ms 3D NOESY spectrum, medium if they were observed in the 75 ms and the 180 ms mixing time 3D NOESY spectra and their intensities were weaker than the pyrimidine H5 to H6 cross-peak, and weak if they were observed only in the 300 ms mixing time 3D NOESY spectrum. The lower distance bounds for all interproton distance pairs were set to 1.8 A Ê . Upper distance bounds of 3.5, 4.5 and 5.5 A Ê were applied for strong, medium and weak NOE cross-peaks, respectively. An additional upper bound of 1.0 A Ê was applied to NOE cross-peaks involving exchangeable protons in the NOESY spectrum in H 2 O at 10 C. Hydrogen-bonding constraints were included for the 11 base-pairs of the upper and lower stems, as described (Jucker et al., 1996) . Sugar pucker conformations were classi®ed as N-type (near C3
H -endo), S-type (near C2 H -endo) or mixed confor-
